In flowering plants, fertilization-dependent degeneration of the persistent synergid cell ensures oneon-one pairings of male and female gametes. Here, we report that the fusion of the persistent synergid cell and the endosperm selectively inactivates the persistent synergid cell in Arabidopsis thaliana. The synergid-endosperm fusion causes rapid dilution of pre-secreted pollen tube attractant in the persistent synergid cell and selective disorganization of the synergid nucleus during the endosperm proliferation, preventing attractions of excess number of pollen tubes (polytubey). The synergid-endosperm fusion is induced by fertilization of the central cell, while the egg cell fertilization predominantly activates ethylene signaling, an inducer of the synergid nuclear disorganization. Therefore, two female gametes (the egg and the central cell) control independent pathways yet coordinately accomplish the elimination of the persistent synergid cell by double fertilization.
In Brief
Two female gametes (the egg cell and the central cell) in flowering plants coordinately prevent attractions of excess number of pollen tubes via two mechanisms to inactivate persistent synergid cell.
INTRODUCTION
During sexual reproduction, a female gamete must be fertilized by a single male gamete to generate diploid zygote. In animals, the egg has polyspermy block mechanisms that prevent multiple fertilizations by more than one sperm (Gardner and Evans, 2006; Tsaadon et al., 2006) . Flowering plants have similar system preventing additional gametic fusion (Scott et al., 2008) . However, such situation rarely happens in vivo, because an ovule receives exactly two sperm cells for double fertilization; a single pollen tube delivers two sperm cells that independently fertilize the egg cell and the central cell to produce embryo and endosperm, respectively ( Figure 1A ) (Maheshwari, 1950) . Attractions of excess number of pollen tubes (polytubey) are prevented by a mechanism recently defined as polytubey block (Beale et al., 2012; Beale and Johnson, 2013) .
One of the central mechanisms of polytubey block is a cessation of pollen tube attraction and this attraction is precisely controlled by synergid cells (Takeuchi and Higashiyama, 2011) ( Figure 1A ). In most flowering plants including Arabidopsis thaliana, mature ovule contains seven-celled embryo sac consisting of two synergid cells, an egg cell, a central cell, and three antipodal cells ( Figure 1A ). The synergid cells have a characteristic invagination of cell wall facing toward the entrance of the pollen tube (micropyle). This invaginated structure termed filiform apparatus actively secretes peptides such as AtLURE1, a cysteine-rich peptide that is required and sufficient for pollen tube attraction in A. thaliana. (Takeuchi and Higashiyama, 2012) . Upon successful fertilization, synergid cells are determined to die by either of two ways. When receiving pollen tube discharge, one synergid cell degenerates and is termed the degenerated synergid cell ( Figure 1B) . The other synergid cell, termed the persistent synergid cell, undergoes nuclear degeneration within a few hours after successful double fertilization (Figures 1C and 1D) (Beale et al., 2012; Vö lz et al., 2013) . The consecutive synergid degenerations result in the cessation of pollen tube attraction required for polytubey block. Interestingly, Arabidopsis is able to cancel polytubey block when the egg cell or central cell remain unfertilized, allowing the next pollen tube to recover the early fertilization failure (Beale et al., 2012; Kasahara et al., 2012; Maruyama et al., 2013) .
Several Arabidopsis mutants display polytubey phenotype even after successful double fertilization. Ovules of the fertilization-independent seed (FIS)-class Polycomb Repressive Complex 2 (FIS-PRC2) mutant frequently receive the second pollen tube at 6 hr after arrival of the first pollen tube (Maruyama et al., 2013) . FIS-PRC2 is a gene silencing complex specific to the central cell and the endosperm (Kö hler et al., 2012) , implying that polytubey block is activated by central cell fertilization through FIS-PRC2 pathway. Similarly, multiple pollen tube attraction as well as synergid nuclear disorganization failure were observed in ein3 eil1 double mutant that is defective in the signaling of a gaseous hormone, ethylene (Vö lz et al., 2013) . Although the involvement of FIS-PRC2 and ethylene in polytubey block became evident, the molecular and cellular mechanisms by which these components control nuclear degeneration of the persistent synergid cell after successful fertilization remained elusive.
In this study, we performed live imaging of Arabidopsis ovules and found that degeneration of the persistent synergid cell is caused by a cell-to-cell fusion with the endosperm a few hours after fertilization. This fusion is exclusively induced by the central cell fertilization and the cytoplasm of the persistent synergid cell, including pre-secreted pollen tube attractant peptides, becomes rapidly diluted into the endosperm, suggestive of the mechanism of early cessation of pollen tube attraction. After the fusion, the persistent synergid nucleus in the endosperm exhibited disorganization synchronized with the endosperm nuclear division. We also demonstrated that the egg cell fertilization strongly activates ethylene signaling, positively controlling nuclear disorganization of the persistent synergid cell. Our data show not only a mechanism of how two female gametes independently but coordinately control polytubey block, but also a rapid and unique cellelimination system mediated by a cell-to-cell fusion. 
RESULTS
Cell-to-Cell Fusion between the Persistent Synergid Cell and the Endosperm To explore the degeneration mechanism of the persistent synergid cell after fertilization, pistils from a synergid cell-specific pMYB98::GFP marker line (Kasahara et al., 2005) were pollinated by pollens from a pRPS5A::H2B-tdTomato plant, a transgenic line ubiquitously expressing HISTONE 2B tagged with tdTomato ( Figure 2A ; Movie S1) (Adachi et al., 2011) . Seven hours after pollination, ovules from the pistil were cultured in liquid medium and were observed by confocal microscopy for time-lapse image analysis. Fertilized ovules were marked by the male-derived tdTomato signal in the zygote, endosperm, and pollen vegetative nuclei ( Figure 1C ). Around the first endosperm nuclear division (9-11 hr after pollination [HAP]), GFP signal abruptly decreased in the persistent synergid cell and was conversely elevated in the endosperm (n = 10) ( Figure 2A ; Movie S1). This GFP signal intensity shift between the persistent synergid cell and the endosperm coincided; furthermore, the GFP signal intensities in these cells became indistinguishable within 20 min after the initiation of GFP signal shift. Consistently, pFWA::FWA-GFP, a marker line that visualizes the endosperm (Kinoshita et al., 2004) , showed an abrupt increase in GFP signal in the persistent synergid cell after fertilization (n = 7) ( Figure 2B ; Movie S1). These data suggest that the persistent synergid cell and the endosperm became (F) Time-lapse images of the magnified micropylar region in (E). Enhanced signal in the GFP channel showed migration of the marker along the endosperm silhouette (arrowheads). Time-lapse analyses in (A) to (E), a nuclear marker line pRPS5A::H2B-tdTomato was used as the male parent, and the numbers stamped in each frame indicate time (h: min) from the start of the observation (8 hr after pollination, HAP). ZYN, zygote nucleus; ESN, endosperm nucleus; VGN, vegetative nucleus; PSC, persistent synergid cell. Scale bars, 20 mm. See also Figure S1 and Movie S1. fused and generated contiguous cytosol. By contrast, unfertilized pFWA::FWA-GFP ovules did not show any alterations in the GFP fluorescence pattern (data not shown), showing that fertilization is required for the cytosol mixture between the persistent synergid cell and the endosperm. To confirm whether the same event occurs in vivo, pFWA::FWA-GFP pistils were pollinated by pollens from pRPS5A::H2B-tdTomato and ovules collected from the pistils at 8 HAP or 12 HAP were analyzed by confocal microscopy ( Figure S1 ). The mixture of the cytosol were observed at 12 HAP (Figures S1B-S1D) and not at 8 HAP ( Figures S1C and S1D ), the timing of first endosperm nuclear division and 1 hr after fertilization, respectively. Taken together, these data indicate that the cytosol mixture is not induced immediately after fertilization, but a few hours after fertilization when the first endosperm nuclear division start.
We then monitored the diffusion of larger cell components, such as mitochondria and endoplasmic reticulum (ER), marked by fluorescence and observed the exchange of these organelles between the endosperm and persistent synergid cell ( Figures  2C and 2D ; Movie S1). These migrations were completed within a short period (15 min, fastest), suggestive of a rapid initiation and expansion of holes between the two cells. Furthermore, the plasma membrane marker PIP2a (Igawa et al., 2013) expressed in the synergid cell ( Figure 2E ) spread rapidly into the plasma membrane of the central cell after fertilization (n = 5) ( Figure 2F ; Movie S1), demonstrating that plasma membrane fusion between the persistent synergid cell and endosperm occurs.
To confirm the cytoplasmic continuity between the persistent synergid cell and the endosperm that happens after fertilization, the ultrastructure was analyzed by transmission electron microscopy. In the unfertilized mature ovule, the central cell and the synergid cell were separated by thin cell wall (80 nm thickness) and their cytoplasm can be distinguished from each other with the signature of many small vacuoles in the central cell ( Figures S2A-S2D ). On the other hand, electron micrographs of fertilized ovules showed the absence of a cell wall between the persistent synergid cell and endosperm (Figures 3C and 3D ; width = 5.9 ± 2.8 mm, n = 4, mean ± SD) Indeed, we could not find differences in the cytoplasm between the persistent synergid cell and the endosperm ( Figures 3A, 3B , and S2G). Sometimes, disorganized synergid nucleus exhibiting discontinuity of its nuclear envelope was observed in the endosperm ( Figures S2E-S2H ), but we did not observe any defect in the cytoplasm, such as mitochondrial disorganization, indicating a selective-destruction of the persistent synergid nucleus after the cell-fusion. We consider that the unique fusion between the persistent synergid cell and the endosperm would be an important event in polytubey block and named this peculiar phenomenon synergid-endosperm fusion (SE fusion).
The Synergid-Endosperm Fusion and Pollen Tube Attractant Peptide Dynamics Synergid cells secrete pollen tube attractant peptides, such as AtLURE1 (Takeuchi and Higashiyama, 2012) . The SE fusion possibly disturbs homeostasis of the attractant responsible for the block of multiple pollen tube attraction after successful fertilization. We thus analyzed ovules expressing AtLURE1-GFP from the AtLURE1 promoter after the ovules were fertilized by the pRPS5A::H2B-tdTomato pollen. As reported previously, a strong GFP signal was observed at the micropylar tip of the synergid cell (filiform apparatus) ( Figure 4A ) (Takeuchi and Higashiyama, 2012) . GFP signal in the synergid cytoplasm was also detected, likely corresponding to pre-secreted AtLURE1-GFP ( Figure 4A ). In the degenerated synergid cell, the GFP signal became reduced to reach a plateau after 80 min from the observation start ( Figure 4B ). By contrast, the persistent synergid cell maintained a high GFP signal and showed steep reduction at 150 min from the observation start ( Figure 4B ). The half-life of the rapid reduction phase was 24 min in the persistent synergid cell, which was shorter than the degenerated synergid cell (36 min). In the filiform apparatus, decreasing of the GFP signal seemed slower in the degenerated synergid cell, which may indicate a stall of AtLURE1 secretion after the degeneration by pollen tube reception. Taken together, these results show that AtLURE1-GFP signal in the persistent synergid cell decrease rapidly even compared to the degenerated synergid cell, implying a robust inactivation of pollen tube attraction in the persistent synergid cell.
We performed immunostaining against AtLURE1 to investigate an effect of the SE fusion on polytubey block. AtLURE1 was detected in 97% of the unfertilized ovules that exhibited no sign of pollen tube penetration ( Figures 4C and 4E ). The percentage of AtLURE1-positive ovules became <20% in ovules containing the two-nuclei endosperm and only 1% in ovules containing the four-nuclei endosperm ( Figures 4D and 4E ). These results are consistent with the inactivation of pollen tube attraction for polytubey block soon after fertilization. The most of the SE fusion took place during the two-nuclei endosperm stage ( Figure S1 ), supporting the idea that rapid dilution of AtLURE1 by the SE fusion contributes to polytubey block.
The Synergid-Endosperm Fusion and Disorganization of the Synergid Nucleus
The synergid inactivation is marked by a loss of accumulation of nuclear protein, such as MSI1-GFP (Beale et al., 2012) and fluorescent proteins tagged with a nuclear localization signal (NLS) (Vö lz et al., 2013) . To further investigate the timing of this event during polytubey block, we analyzed ovules from a double marker line carrying the MSI1-GFP marker (pACT11::MSI1-GFP) and the pRPS5A::H2B-tdTomato marker fertilized by wild-type male. A rapid reduction of the MSI1-GFP signal in the cytosol first, then in the nucleus of the persistent synergid cell (Movie S3). These suggest consecutive SE fusion and nuclear disorganization, respectively. Importantly, we observed drastic condensation of the synergid nuclear chromosomes during the loss of the MSI1-GFP signal in the persistent nucleus (Figures 5A and 5B; Movie S3), a hallmark of persistent synergid inactivation.
We monitored the chromosomal condensation as an indicator of the synergid nuclear disorganization in time-lapse analyses of ovules from the pRPS5A::H2B-tdTomato fertilized by the pRPS5A::H2B-GFP pollen. The endosperm nucleus exhibited increasing GFP signal, indicating de novo expression of H2B-GFP before the first endosperm nuclear division (Figures 5C-5H; Movie S3). The H2B-GFP then started to accumulate in the persistent synergid nucleus after the SE fusion, followed by an abrupt disorganization of the persistent synergid nucleus (Figure 5G) . Interestingly, the nuclear disorganization occurred during the metaphase of either the first or the second endosperm nuclear division ( Figure 5H ; R 2 = 0.98). The persistent synergid nucleus with the H2B-GFP signal, a sign of the completion of the SE fusion, was always disorganized at the first endosperm nuclear division. However, the GFP-negative nucleus avoided disorganization during the first division ( Figure 5C ) and accumulated H2B-GFP during the two-nuclei endosperm stage ( Figures  5D and 5E ), followed by nuclear disorganization at the second endosperm nuclear division ( Figure 5F ). Occasionally, we also observed intermediate chromosome segregation of the persistent synergid nucleus (Figures 5G and 5K ; 29%) and none had successful nuclear division ( Figures 5H and 5K ). These data suggested that fusion-mediated influx of mitotic signal regulated disorganization of persistent synergid nucleus.
To obtain further information for the possible involvement of mitosis, we analyzed transgenic plants containing two cell-cycle marker genes, pHTR2::CDT1a(5G)-TagRFP and pCycB1;2:: CycB1;2-YFP (Movie S3) (Yin et al., 2014) . The signal of the CycB1;2-YFP, an indicator of G 2 /M-phase, gradually elevated in the endosperm nucleus after fertilization and disappeared during the first endosperm division. Re-accumulation of the CycB1;2-YFP signal occurred within an hour after the nuclear division, suggestive of a rapid progression of the cell cycle in the endosperm. On the other hand, the signal of the CDT1a(5G)-TagRFP, an indicator of S/G 2 -phase, gradually elevated after telophase of the endosperm nuclear division. Comparing to the endosperm, the persistent synergid nucleus displayed an abrupt accumulation of CycB1;2-YFP during prophase or metaphase of the first endosperm nuclear division. In addition, the CDT1a(5G)-TagRFP signal was not observed in the persistent synergid nucleus. These results show that the persistent synergid nucleus after the SE fusion cannot establish synchronized cell-cycle status with the endosperm nuclei, likely contributing to the disorganization of the persistent synergid nucleus at endosperm nuclear division.
FIS-PRC2 Disruption Impairs Mitosis-Associated Elimination of the Persistent Synergid Nucleus
Previously, we reported a polytubey phenotype in mutants of the FIS-PRC2 components such as mea, fis2, and fie (Maruyama et al., 2013) , indicative of defects in synergid inactivation process (e.g., SE fusion and/or nuclear disorganization). These mutants and wild-type C24 ovules were fertilized by the pRPS5A::H2B-GFP male, and the SE fusion was monitored by an accumulation of endosperm-derived H2B-GFP in the persistent synergid nucleus. Most of wild-type ovules exhibited H2B-GFP signal in the persistent synergid nucleus as well as the zygote nucleus and the endosperm nuclei ( Figures 5L and 5M ). GFP-labeled persistent synergid nucleus was also observed in 70% of ovules in the mea and fis2 at the two-nuclear endosperm stage, which was comparable to the wild-type (Figures 5L-5N) . Similar results were obtained at the four-nuclear endosperm stage. These data indicate that disruption of the FIS-PRC2 does not affect the SE fusion.
We then used pAGL62::AGL62-GFP plant as a pollen donor to analyze disorganization of the persistent synergid nucleus.
AGL62 is an endosperm-specific MADs box protein regulating endosperm proliferation (Kang et al., 2008) . In wild-type ovules, AGL62-GFP signal was gradually increased in the endosperm nuclei and subsequently labeled the persistent synergid nucleus (Movie S4). Then, GFP signal disappeared from the persistent synergid nucleus during endosperm nuclear division, suggesting the loss of nuclear envelope integrity caused by nuclear disorganization (Figures 5O and 5P; Movie S4) . Surprisingly, we found that significant numbers of the mea and fis2 ovules displayed AGL62-GFP signal in the persistent synergid nucleus (Figures  5O and 5Q ; Movie S4), indicating that the polytubey phenotype in the FIS-PRC2 mutants would be caused by a defect of endosperm-division-associated disorganization of the persistent nucleus.
Fertilization of the Central Cell Is Required for the Synergid-Endosperm Fusion
Although double fertilization is triggered by two homogeneous sperm cells, different dynamics of intracellular calcium ion between two female gametes upon fertilization implies initiation of their own activation events (Hamamura et al., 2014; Denninger et al., 2014) . To identify an involvement of each female gamete for the SE fusion, ovules from the pFWA::FWA-GFP fertilized by the kokopelli mutant carrying the pRPS5A::H2B-tdTomato marker were analyzed by time-lapse observation. The kokopelli mutant pollen produces aberrant sperm cells displaying a reduced fertility (Ron et al., 2010) . Ovules that have received the kokopelli pollen tube discharge were classified into four different fertilization types determined by success or failure of fertilization in each female gamete. Double-fertilization type ovules exhibited a diffusion of sperm-derived tdTomato signal in the zygote and the endosperm ( Figure 6A) . Indeed, the SE fusion was observed in 87% of the double-fertilization type ovules (n = 15; Figure 6A ) and was not in the no-fertilization type (0%, n = 14; Figure 6B ), consistent with the result that fertilization is required for the SE fusion. The SE fusion was induced in 60% of the central-cell-fertilization type ovules (n = 5; Figure 6D) ; however, we could not observe any morphological change in the persistent synergid cell of the egg-cell-fertilization type ovules (n = 16; Figure 6C ). These results show that fertilization of the central cell is a key signal for the induction of the SE fusion.
Fertilization of the Egg Cell Predominantly Activates the Ethylene Signaling
The ethylene signaling also controls disorganization of the persistent synergid nucleus after double fertilization (Vö lz et al., 2013) . To examine whether the activation of the ethylene signaling is induced by a single fertilization of the egg cell or the central cell, pistils from the pEIN3::EIN3-YFP marker were pollinated with pollen from the kokopelli (kpl) mutant carrying the pRPS5A::H2B-tdTomato marker gene. As reported previously, EIN3-YFP signal was detected in the persistent synergid nucleus, the zygote nucleus, and the endosperm nucleus (Figure 7B ; compared to the background fluorescence of unfertilized ovule shown in Figure 7A ). Although the EIN3-YFP stabilization was observed in 72% of double-fertilization type ovules (n = 32), none displayed the EIN3-YFP signal in no-fertilization type ovules containing tiny dots of two unfertilized sperm nuclei ( Figure 7E ). We observed the EIN3-YFP signal in 64% of eggcell-fertilization type ovules containing single unfertilized sperm cell and tdTomato-labeled zygote nucleus (n = 73; Figures 7C  and 7E ), which were comparable to the double-fertilization type. The EIN3-YFP signal was also detected in central-cellfertilization type ovules that had tdTomato-labeled endosperm nucleus and unfertilized sperm cell ( Figure 7D ). However, the percentage of the YFP-positive ovule (36%) was lower than those of the double-fertilization type and egg-cell-fertilization type ( Figure 7E ). These results imply an ethylene-signalingmediated polytubey block largely activated by fertilization of the egg cell.
DISCUSSION
In flowering plants, the pollen tube conveys immotile sperm cells to the female gamete cells and synergid cells play a pivotal role in attracting pollen tube toward unfertilized female gamete cells. The attraction operated by synergid cells ceases right after fertilization for polytubey block, and the elimination of the persistent synergid cell has been conjectured to be the key to this process. In this study, we found that the persistent synergid cell and the endosperm merge by a cell-to-cell fusion after fertilization. The unique plant cell-to-cell fusion, designated as the synergidendosperm fusion (SE fusion), is a part of the polytubey blocking system that induces rapid inactivation of the persistent synergid through a cytoplasmic dilution, followed by the selective elimination of the synergid nucleus. The egg cell and the central cell developed different pathways for the persistent synergid inactivation, highlighting a unique three-step polytubey block mechanism accomplished by double fertilization.
Discovery of the Synergid-Endosperm Fusion
One of the most prominent features of plant is the cell wall surrounding the plant cell, which has hampered the idea of cellto-cell fusion in plants. Fusions between the two sets of gametes during double fertilization have been the only two exceptions studied extensively for more than 110 years (Strasburger, 1884; Nawashin, 1898; Guignard, 1899) . Electron micrographs of Arabidopsis mature ovule showed very thin cell wall between the synergid cell and the central cell ( Figure S2 ), which would be necessary for rapid digestion of the cell wall and smooth fusion of their plasma membranes. The cell wall disintegration in synergid cells was also observed in Capsella bursa-pastoris and barley (Schulz and Jensen, 1968; Engell, 1989; Cass and Jensen, 1970) . Indeed, the absence of the boundary between the synergid cell and the endosperm in Capsella bursa-pastoris was reported although it was thought that the endosperm absorbed already-degenerated synergid cell (Schulz and Jensen, 1968) . These results imply that the SE fusion-mediated synergid (F) Schematic model of the persistent synergid inactivation. Fertilization of the central cell triggers SE fusion. The SE fusion rapidly dilutes synergid contents (red arrow) and disrupts supplying of pollen tube attractant peptides. The SE fusion also allows migration of mitosis-associated nuclear disorganization signal (black solid arrow) from the endosperm to the synergid nucleus. FIS-PRC2, an endosperm-specific polycomb gene silencing complex, would modulate the mitosis-associated nuclear elimination (orange lines and arrow). Ethylene signaling is strongly induced by a fertilization of the egg cell (thick dashed arrows), which probably coordinates the mitosis-associated signal to eliminate the persistent synergid nucleus. Ethylene signaling is less induced by the centralcell-fertilization (fine dashed arrow). Abbreviations are as in Figure 6 . Scale bars, 20 mm.
inactivation for polytubey block is conserved in flowering plants. Nevertheless, our analyses of wild-type ovules revealed the SE fusion, the third cell-to-cell fusion event identified during normal developmental processes in Arabidopsis.
The mechanism of the plasma membrane fusion is largely unknown in flowering plants. A sperm cell-specific plasma membrane protein, GCS1/HAP2, is a sole factor that is thought to be directly involved in the membrane fusion during double fertilization (Mori, 2014) . However, transcriptome data of the embryo sac indicate that GCS1/HAP2 is absent in the synergid cell and the central cell (Wuest et al., 2010) . Thus, the plasma membrane fusion of these cells should be caused by different mechanism.
Execution of Selective Elimination of Synergid Nucleus after the SE Fusion Nuclear disorganization has been one of the most remarkable features of the persistent synergid inactivation (Schulz and Jensen, 1968; Beale et al., 2012; Vö lz et al., 2013) . We observed abrupt chromosomal condensation and the loss of nuclear envelope integrity after the SE fusion ( Figures 5A-5J ). Even though the persistent synergid nucleus shares the same cytoplasm with the endosperm nuclei, only the persistent synergid nucleus was selectively eliminated during the endosperm nuclear division. Nuclear degeneration is thought to be caused by nucleases in a programmed-cell-death of tracheary element in Zinnia (Ito and Fukuda, 2002) and in formation of the sieve element in Arabidopsis (Furuta et al., 2014) . If nucleases are involved in the disorganization of the persistent synergid nucleus, there must be special mechanism(s) for the selective elimination, such as specific targeting of nucleases into the synergid nucleus or endosperm-specific resistance against the nucleases.
Alternatively, the selective nuclear elimination may be caused by premature chromosome condensation. Artificial fusion between two cells in different stages demonstrated that M phase propelled by one cell induces premature chromosome condensation, resulting in defective chromosome segregation or pulverization of chromosomes (Rao and Johnson, 1972; Szabados and Dudits, 1980) . Indeed, we observed an abrupt increase in a G 2 /M-marker, CycB1;2-YFP, in the disorganizing persistent synergid nucleus compared to the gradual accumulation of CycB1;2-YFP in the endosperm nucleus (Movie S3) (Yin et al., 2014) . Chromosomal condensation and segregation-like behavior also support mitosis-associated synergid nucleus elimination ( Figure 5K) ; however, determining the relevance of premature chromosome condensation should awaits precise quantification of DNA content in the synergid nucleus before and after fertilization.
Independent Pathways for the Inactivation of Persistent Synergid Cell by Two Female Gametes
By a mutant-induced single fertilization, we found that the central cell, but not the egg cell, could induce the SE fusion after fertilization ( Figure 6 ). Indeed, ovules exhibiting single fertilization of the egg cell frequently received multiple pollen tubes (Maruyama et al., 2013) , indicating an importance of the central cell in polytubey block. Besides, mutant ovules of MEA and FIS2, components of FIS-PRC2 specifically active in the central cell and the endosperm, often attracted second pollen tube even after double fertilization (Maruyama et al., 2013) . Although these mutants show normal SE fusion, significant percentages of ovules were defective in the mitosis-associated synergid nuclear disorganization ( Figures 5L-5Q ). These data strongly suggest that the central cell does not only induce the SE fusion, but also controls the selective nuclear disorganization, presumably by causing the persistent synergid nucleus susceptible to mitosis-associated elimination through an exposure to the factor(s) of FIS-PRC2 pathway in the endosperm.
Polytubey block is not fully activated by the central cell-fertilization, either (Maruyama et al., 2013) . Interestingly, the persistent synergid nucleus in an ethylene signaling-defective ein3 eil1 double mutant remains intact and accumulates endosperm proteins even after successful fertilization (Vö lz et al., 2013) . In this study, we observed that fertilization of the egg cell could activate the ethylene signaling significantly compared to the central cell-single fertilization (Figure 7 ). Taken together, these results suggest that the egg cell fertilization activates the ethylene signaling important for the synergid nucleus disorganization. Ethylene signaling activated by the egg cell fertilization likely causes the synergid nucleus susceptible to mitosis-associated nuclear disorganization controlled partly by the FIS-PRC2 pathway. Indeed, exposure to overdose of the ethylene precursor AAC induced specific disorganization of the synergid nucleus in unfertilized ovules (Vö lz et al., 2013) , indicating that the synergid cell nucleus is already primed to ethylene sensing for nuclear disorganization. Although it still remains unclear how ethylene signaling activated through the egg cell-fertilization and FIS-PRC2 pathway in the endosperm communicate to achieve synergid nuclear disorganization, two female gametes appear to have evolved different pathways that coordinately control selective elimination of the synergid nucleus by double fertilization. Interestingly, the persistent synergid cell in cotton is surrounded by thick cell wall and shows gradual collapse of its content (Schulz and Jensen, 1977) . This may also suggest that the persistent synergid elimination through the SE fusion followed by nuclear elimination was established after the innovation of double fertilization in flowering plants.
Three-Step Polytubey Block Mechanism Mediated by Double Fertilization
In A. thaliana, strong polytubey block is established within a few hours (Kasahara et al., 2012) . To explain the enigmatic early cessation of pollen tube attraction, we propose a three-step polytubey block system based on the analysis of AtLURE1 distribution combined with the SE fusion and dynamics change of the synergid nucleus (Figures 4 and 5) . The initial step is the SE fusion caused by the central cell fertilization. After the SE fusion, pre-secreted AtLURE1 is rapidly diluted into the endosperm occupying the majority of the volume of large embryo sac, which interrupts the supply of AtLURE1. It is possible that dynamic protoplasmic streaming scrapes out synergid contents to accelerate dilution (see also fertilized pFWA::FWA-GFP ovule in Movie S1). Similar to the AtLURE1, other unique transcripts and proteins in the synergid cell must be diluted by the fusion (Wuest et al., 2010) , by which the synergid would lose its identity rapidly. Consistently, a semi-in vitro pollen tube attraction assay for the fertilized ovule elucidated strong cessation of pollen tube attraction prior to the disorganization of persistent synergid nucleus (Maruyama et al., 2013) , indicating very early, but temporal polytubey blocking mechanism caused by the SE fusion. The second step is ethylene-signaling activation mainly by the egg cell fertilization. The persistent synergid nucleus receives this signal before/after the SE fusion, preparing for the selective nuclear elimination. The final step is mitosis-associated nuclear disorganization, which completely eliminates the source of synergid identity. The SE fusion usually occurs 9-11 hr after pollination. This is sufficiently earlier than the targeting of the second pollen tube observed in unfertilized ovules (16 hr after pollination) (Kasahara et al., 2012) .
In multicellular organisms, elimination of particular cell is important for tissue development such as the formation of digits and nervous system in animals (Milligan and Schwartz, 1997) and megasporogenesis in plants (Russell, 1979) . Those examples of programmed-cell-death display characteristic degeneration processes such as cell shrinkage, chromatin condensation and organelle destruction. Although degenerative alteration was not observed in the persistent synergid except for the nucleus (Schulz and Jensen, 1968 ) (see also Figures 3 and S2) , elimination of the persistent synergid cell has been considered as a programmed-cell-death, because it is well controlled by fertilization signals (Vö lz et al., 2013; Maruyama et al., 2013; Beale and Johnson, 2013) . Our discoveries uncovered mysteries of independent controls for polytubey block by fertilization of two female gametes and rapid inactivation of the persistent synergid function. This study should shed lights on unique mechanisms of the cell-cell fusion and selective nuclear disorganization as well as the evolution of sexual reproduction in flowering plants.
EXPERIMENTAL PROCEDURES Plant Materials and Growth Conditions
Col-0, Ler, and C24 were used as the wild-type plants. The pRPS5A:: pEIN3::EIN3::YFP, pFWA: :GFP-PIP2a transgenic lines and double marker line of pHTR2:: CDT1a(5G)-TagRFP and pCycB1;2::CycB1;2-YFP were described previously (Adachi et al., 2011; Ingouff et al., 2007; Vö lz et al., 2013; Igawa et al., 2013; Yin et al., 2014) . The pFWA::FWA-GFP transgenic line was provided by T. Kinoshita (Kinoshita et al., 2004) . The pAGL62::AGL62-GFP transgenic line was donated by G.N. Drews (Kang et al., 2008) . The kpl-2/kpl-2 mutant that is also homozygous for the pRPS5A::H2B-tdTomato was described previously (Maruyama et al., 2013) . mea-7/mea-7 and fis2-6/fis2-6 seeds were kindly provided by F. Berger (Guitton et al., 2004) . Plants were grown in soil at 22 C under continuous light.
Plasmids and Transgenic Plants
Constructions of plasmids and transgenic plants are described in Extended Experimental Procedures. Oligonucleotides used in this study are shown in Table S1 .
Immunostaining Wild-type pistils were pollinated by the pRPS5A::H2B-tdTomato plant. Immunostaining was performed 12 hr after pollination using an antibody against AtLURE1.2 protein, as described previously (Takeuchi and Higashiyama, 2012) .
Transmission Electron Microscopy
Fertilized ovules were analyzed as follows. pFWA::FWA-GFP pistils were pollinated with the pRPS5A::H2B-tdTomato transgenic plant. After 9 hr, ovules were dissected from the pistils and aliened on agar pads (half-strength Murashige and Skoog's medium, 5% sucrose, adjusted pH to 5.7 with 1 M KOH, 1.5% Nusieve GTG agarose). Ovules containing GFP-labeled persistent synergid cells were observed using fluorescence microscopy and selected under a dissecting microscope and subsequently fixed in 2% glutaraldehyde, 4% paraformaldehyde, and 50 mM sodium cacodylate, pH 7.4, for 3 days at 4 C. The tissue segments were washed in buffer and post-fixed for 8 hr in 2% aqueous osmium tetroxide at 4 C. The tissue was then dehydrated in a graded ethanol series, transferred into propylene oxide, infiltrated, and embedded in Quetol 651. Series of thin sections (80 nm) were stained with 2% aqueous uranyl acetate and lead citrate and examined using a JEOL JEM 1200 EX electron microscope at 80 kV.
Time-Lapse Imaging
Six HAP ovules were dissected from the pistils into half-strength Murashige and Skoog's medium (5% sucrose, adjusted pH to 5.7 with 1 M KOH). Timelapse data was collected at 2 hr after preparation for dissection and microscopic settings. Confocal images were acquired using an inverted microscope (IX-81, Olympus) equipped with an automatically programmable XY stage (MD-XY30100T-Meta; Molecular Devices), a disk-scan confocal system (CSU-XI, Yokogawa Electric), 488 nm and 561 nm LD lasers (Sapphire, Coherent), and an EM-CCD camera (Evolve 512, Photometrics). Time-lapse images were acquired every 10 min using multiple z planes (1.5-mm intervals) and eight planes with a water-immersion objective lens (UApo 403W3/340; Olympus). Sequential images were acquired at 600-ms exposures for the 488-nm excitation and 200-ms exposures for the 561-nm excitation. Images were processed with Metamorph ver. 7.7.7.7.0. (Universal Imaging) to create maximum-intensity projection images.
Image Processing
Image J Ver. 1.43u (https://www.macbiophotonics.ca/index.htm) and QuickTime Player 7 Ver. 7.7.1 was used for movie editing of the time-lapse analyses. All other images were processed for publication using Adobe Photoshop CS ver. 8.0.1 (Adobe Systems). 
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